Copper (Cu) is both an essential micronutrient and toxic to photosynthesizing microorganisms at low concentrations. Its dissolved vertical distribution in the oceans is unusual, being neither a nutrient-type nor scavenged-type element. This distribution is attributed to biological uptake in the surface ocean with remineralisation at depth, combined with strong organic complexation by dissolved ligands, scavenging onto particles, and benthic sedimentary input. We present coupled dissolved and particulate phase Cu isotope data along the UK-GEOTRACES South Atlantic section, alongside higher resolution dissolved and particulate phase Cu concentration measurements. Our dissolved phase isotope data contribute to an emerging picture of homogeneous deep ocean δ 65 Cu, at about +0.65‰ (relative to NIST SRM 976). We identify two pools of Cu in the particulate phase: a refractory, lithogenic pool, at about 0‰, and a labile pool accessed via a weak acidic leach, at about +0.4‰. These two pools are comparable to those previously observed in sediments. We observe deviations towards lighter δ 65 Cu values in the dissolved phase associated with local enrichments in particulate Cu concentrations along the continental slopes, and in the surface ocean. Copper isotopes are thus a sensitive indicator of localised particle-associated benthic or estuarine Cu inputs. The measurement of Cu isotopes in seawater is analytically challenging, and we call for an intercalibration exercise to better evaluate the potential impacts of UV-irradiation, storage time, and different analytical procedures.
Introduction
Copper (Cu) is a bioessential element but the free Cu 2+ ion is toxic at low concentrations (toxicity at > 10 −11 M), particularly to prokaryotic photosynthesizing bacteria (e.g., Brand et al., 1986) . However, aqueous Cu in seawater is predominantly complexed by strong organic ligands, which appear to have a detoxifying influence, as well as retaining Cu in the dissolved phase (e.g., Bruland et al., 2013) . Some eukaryotes have higher metabolic Cu requirements than prokaryotes, and may be able to access some portion of the ligand-bound Cu pool (e.g., Semeniuk et al., 2015) . The free Cu 2+ species is particle reactive and readily scavenged by organic and Fe-Mn oxide phases (e.g., Balistrieri et al., 1981; Sherman and Peacock, 2010) . In sulphidic solutions, as for example in the Black Sea, Cu exists as the insoluble reduced Cu(I) species CuHS and Cu(HS) 2 − (Mountain and Seward, 1999) .
This array of behaviours make Cu isotopes a potential target as a (palae-)oceanographic tracer (e.g., Chi Fru et al., 2016) , contingent on an understanding of the key processes influencing their modern oceanic cycling.
total metal complement of the particles in the ocean. One of the goals of the GEOTRACES program was to address and overcome the difficulties associated with the sampling and analysis of particulate material in the oceans (e.g., Anderson and Hayes, 2015; Lam et al., 2015; Mcdonnell et al., 2015) . The result is that high quality trace metal particulate data is now becoming available (e.g., Ohnemus and Lam, 2015; Twining et al., 2015b) . Nevertheless, to date, only sparse trace metal isotopic data for marine particles have been presented (e.g., Revels et al., 2015; . Maréchal et al. (1999) reported bulk Cu isotope data for six sediment trap samples from the Atlantic. reported labile and refractory Cu isotope data for one seawater profile from the Tasman Sea, while acknowledging significant analytical difficulties .
In this study, we present Cu isotope data for two fractions of particulate material (bulk and leachable Cu) collected as part of the UK-GEOTRACES GA10 South Atlantic cruise in 2011-12. We pair this particulate phase isotope data with dissolved phase Cu isotope data from the same sampling stations, and with high resolution dissolved and particulate Cu concentration data from the full GA10 section. The resulting dataset offers new insights into oceanic biogeochemical cycling of Cu, highlighting the role of particulate-associated sources of isotopically light Cu to the dissolved phase.
Sampling and analytical methods
All work was carried out under trace metal clean conditions, using acid cleaned Savillex PFA labware except where stated. Deionised water (MilliQ, Millipore, 18 .2 MΩ cm) was used throughout, and acids and reagents were either ultrapure or double distilled.
Sampling methods
Large volume seawater samples for trace metal (Cu, Zn and Ni) isotope analysis at ETH Zürich were collected at six superstations along the South Atlantic UK GEOTRACES GA10 transect ( Fig. 1 ; e.g., Browning et al., 2014 Browning et al., , 2017 Tuerena et al., 2015; Wyatt et al., 2014) . Three superstations (3, 6 and 11) were occupied during the first cruise, D357, which sailed between 18 October and 22 November 2010 on board the R.R.S. Discovery. Three further superstations (12, 18 and 21) were sampled during the second leg, JC068, which took place from 24 December 2011 to 27 January 2012 on the R.R.S. James Cook. Higher resolution sampling for trace metal concentration measurements was also carried out along the full GA10 section (Fig. 1) . Dissolved Cu concentration data from the second leg (JC068), measured at the National Oceanography Centre Southampton (NOCS), are presented here.
Dissolved phase sampling procedures (for both trace metal concentration and isotope analysis) followed GEOTRACES protocols and are described in Wyatt et al. (2014) . In brief, samples were collected using twenty-four 10 L Teflon-coated Niskin (Ocean Test Equipment, OTE) samplers mounted on a titanium CTD frame deployed on a plasma rope. Once on board, samples were filtered through 0.2 μm AcroPak Supor polyethersulfone membrane filter capsules (Pall) into acidcleaned 0.125, 1 or 4 L low density polyethylene (LDPE) bottles and acidified to pH 1.9 (NOCS) or 1.7 (for isotopes) by addition of 12 M hydrochloric acid (HCl, UpA, Romil) .
High resolution bottle sampling for total and leachable particulate trace metal concentrations (University of Plymouth) was carried out along the full GA10 transect using the same twenty-four 10 L OTE samplers. Up to 7 L of seawater was filtered on board through acid washed 25 mm (0.45 μm) PES filters (Pall Gellman) housed in acid clean filter holders (Swinnex, Millipore). Filters were frozen at −20°C in acid clean 2 mL LDPE vials until analysis.
Particulate phase sampling for Cu isotope analysis at ETH Zürich was carried out using the Challenger Oceanic Stand Alone Pump System (SAPS). The filter houses of the SAPS were fitted with acid-washed nylon mesh (293 mm diameter, 51 μm pore size, Nitex) to collect large fast-sinking particles, and with two stacked 293 mm 0.8 μm polyethersulfone filters (PES, Pall Gelman) to collect < 51 μm fine slowsinking fraction particles, and deployed to varying depths in the water column. Seawater volumes filtered in situ were in the rangẽ 500-1500 L. Upon removal, the 293 mm PES filters were folded in on themselves and stored frozen at −20°C in clean zip-lock bags. Subsamples of these < 51 μm fine fraction PES filters from the three JC068 superstations, stations 12 (mid Atlantic ridge), 18 (deep Argentine basin) and 21 (Argentine slope), were analysed for Cu isotopes. Wedges of the large particle size fraction (> 51 μm) nylon filters were rinsed with deionised water and the particles re-collected on a 25 mm PES filter, which were subsequently digested following the same protocol as the bottle collected particles at the University of Plymouth (see Section 2.3).
Analysis of dissolved Cu

High-resolution dissolved Cu concentrations at NOC Southampton
High-resolution Cu concentration analyses for all samples from the JC068 cruise were made at NOCS, following Rapp et al. (2017) . In brief, acidified seawater aliquots were spiked with a multi-element standard of trace metal isotopes enriched over natural abundance (including 65 Cu) and UV-irradiated for 4 h prior to solid-phase extraction. Trace metals were then pre-concentrated using an automated system (Preplab, PS Analytical) equipped with a WAKO chelating resin (similar to Presep ® Polychelate, WAKO Pure Chemical Industries, Japan), with immobilized carboxymethylated pentaethylenehexamine (CM-PEHA) functional groups (Kagaya et al., 2009) . Trace metals were eluted with 1 M sub-boiled HNO 3 and analysed using a Thermo Element XR in medium resolution mode.
The accuracy and precision of the method was validated by analysis of the SAFe seawater reference standards D2 and S. Results are presented in Table 1 . The precision for replicate analyses was between 1 Fig. 1 . Map of UK GEOTRACES South Atlantic GA10 section showing occupied stations and superstations and relevant ocean currents. Stations in red, in the Cape Basin, were occupied during cruise leg D357 (Oct-Nov 2010) . This leg included superstations 3, 6 and 11, for which dissolved phase Cu isotope data are reported here. Stations in black were occupied during cruise leg JC068 in the Argentine Basin (Dec 2011-Jan 2012), during which three superstations (12, 18 and 21) were sampled for dissolved and particulate phase Cu isotope data. Stations 1-3 were also reoccupied during this later cruise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Map made using Ocean Data View (Schlitzer, 2016) . and 3%. The manifold blank (from the preconcentration procedure) was neglectable, while the buffer blank (NH 4 Ac) was 0.019 ± 0.005 (σ bl ) nmol Cu L −1 (see Rapp et al., 2017 for details) . The limit of detection (3 × standard deviation of the blank) was determined as 0.011 ± 0.005 (σ bl ) nmol Cu L −1 .
Dissolved Cu isotopes at ETH Zürich
For Cu isotope analysis at ETH Zürich, dissolved phase Cu samples from the six superstations were preconcentrated using a method adapted from Takano et al. (2013) , described in Vance et al. (2016) . Briefly, trace metals (including Cu) were preconcentrated from 0.2-4 L seawater samples using Nobias chelate PA-1 resin (Hitachi High Technologies, Sohrin et al., 2008; Takano et al., 2013) held in a PFA Teflon cartridge. Metals were then eluted from the resin with 1 M HNO 3 . The eluate was evaporated to dryness and redissolved in 7 M HCl for subsequent Cu purification by column chromatography (see Section 2.4).
Procedural blanks were measured numerous times by passing various volumes of deionised water through the entire procedure, with the resultant blanks then measured on the Element XR. These procedural blanks were consistently < 0.5 ng Cu. Recovery tests were carried out using samples of surface Sargasso Sea water (presumed to have very low trace metal concentrations). In separate experiments 200 and 750 ng/L of NIST Cu respectively was added to two seawater aliquots and allowed to equilibrate for 24 h. Each aliquot was split into five subaliquots from which the Cu was then pre-concentrated and purified as detailed here. Recovered Cu was 96-115% for the two experiments, with δ 65 Cu = 0.03 ± 0.07‰ (2 SD). Full duplicate analyses were also carried out for two samples (JC068 1952 and D357 767, Table 3 ). Dissolved phase samples for isotope analysis were not subjected to UV oxidation prior to preconcentration. However, they were stored, acidified, for ≥4 years prior to analysis. This duration is considered sufficient to lead to degradation of the naturally present complexing organic ligands, and thus allow complete Cu extraction by the added chelating resin (Posacka et al., 2017) . Consistent with this suggestion, we observed reasonable agreement between Cu concentrations from the isotope analysis (obtained from beam matching with standards of known concentration) with the more precise data produced via isotope dilution (Fig. 2) . For a more detailed discussion of the analytical challenges associated with the measurement of Cu and Cu isotopes in seawater, see Section 4.1.
Analysis of total and leachable particulate Cu
Particulate samples for concentration measurements only (Univ. Plymouth) and for concentration and isotopic analysis (ETH Zürich) were subject to different leach and bulk digestion procedures, detailed below.
Bulk and leachable particulate Cu isotopes at ETH Zürich
For Cu isotope analysis, the fine fraction (< 51 μm) 293 mm PES filter membranes (from SAPS) were subsampled using an acid-leached ceramic blade. 1/16th of each filter was bulk digested by ashing (High Pressure Asher, HPA Anton Paar) in 5 mL concentrated HNO 3 . These bulk digests were then evaporated and treated twice with 1 mL concentrated HNO 3 and once with 1 mL concentrated HCl to remove residual H 2 SO 4 (present from digestion of the PES filter). A further 1/16th of each filter was subject to a 16 h leach in 30 mL 0.6 M HCl at 65°C, following Bishop and Wood (2008) . This latter methodology aims to liberate the labile metal fraction. Bulk digests and leachable Cu fractions were then evaporated and redissolved in 2% HNO 3 . An aliquot of these solutions was taken for multi-element concentration analysis using a Thermo Element XR at ETH Zürich.
Procedural blanks for particulate trace element analyses are challenging to assess and counteract (e.g., Planquette and Sherrell, 2012; Twining et al., 2015a) . Here, they were estimated in three ways (Table 2) . First, procedural ashing and 0.6 M HCl leaching blanks were measured. Second, acid-cleaned, unused PES filters were subject to the bulk digest (ashing) and leaching procedures. These unused filter blanks were low, at 0.4 and 1.2 ng (per total 47 mm filter) for leaching and digestion respectively (up to a maximum of 3 and 5% of sample Cu contents), and they were similar in magnitude to the (filter-free) ashing S.H. Little et al. Chemical Geology 502 (2018) 29-43 and leaching blanks (Table 2) . Third, two so-called 'dipped blanks' were recovered and analysed (range: 9-20 ng). These dipped blanks went through the full shipboard procedure but the SAPS pumps failed, and < 6 L of seawater was filtered.
We consider the dipped blanks to be a conservative estimate of the total procedural blank. Both originate from deep waters (Station 18-5000 m, and Station 12-2590 m), with high dissolved Cu concentrations. Previous work suggests flow-dependent adsorption of Cu can occur on filter membranes, which may lead to artefacts (Planquette and Sherrell, 2012) . Deep Station 18 is also situated in a region of very elevated particulate Cu concentrations. At Station 12, the coarse size fraction particulates (> 51 μm, Nitex filters) exhibited variable and high Fe/Al ratios (data not shown) and Cu concentrations (Table S1) , indicating contamination (see also Section 3.2). Isotopically, the one dipped blank analysed for leachable particulate δ 65 Cu (at −0.03‰, Also at the University of Plymouth, selected 25 mm filters from bottle filtration were subjected to a leach (prior to total digestion) following a similar method to that of Berger et al. (2008) . A 2 h leach, including 30 min of heating at 90°C, was carried out in 25% acetic acid plus the reducing agent hydroxylamine hydrochloride (0.02 M). After a 2 h contact time, the filters were removed and placed into digestion vials. The leachate solution was then centrifuged at 3500g for 15 min. Following centrifugation, 1 mL of the leachate was transferred to a clean leach vial and evaporated to dryness. Any particles collected during centrifugation were transferred with H 2 O 2 to the relevant total particulate digestion vial. These data are referred to as leachable particulate Cu (LpCu) concentrations.
All TpCu and LpCu samples were then redissolved in 2% HNO 3 for ICP-MS analysis. In/Ir and Rh were used as internal standards, and an external calibration was used with mixed element standards ranging from 0.1 to 500 ppb. Analysis was carried out on a Thermo Element X Series 2 equipped with a collision cell utilising 7% H in He at the University of Plymouth. The efficiency of the digestion procedure was assessed using certified reference materials BCR-414 (Trace elements in plankton; Institute for Reference Materials and Measurements), LKSD-4 (lake sediment; Natural Resources Canada) and IAEA-433 (marine sediment; International Atomic Energy Agency), with the determined Cu data in good agreement with the certified values (Table S2) .
Both LpCu and TpCu concentrations were blank corrected with values obtained from replicate analyses of unused filters. These filters had been acid washed, stored and processed in the same manner as those used for particle sample collection. The subsequent blank deductions (leach -0.32 ± 0.1 ng, n = 15; digestion -0.52 ± 0.1 ng, n = 32) include any contribution from the 25 mm PES filter, the reagents used and the instrumental background.
Cu isotope analysis
Purification of the Cu fraction of both the dissolved and particulate samples for isotope analysis followed a previously published two-pass anion-exchange procedure using AG MP-1M resin (BioRad; after Archer and Vance, 2004; Little et al., 2014b; Maréchal et al., 1999) . Isotope analyses were made on a Neptune Plus MC-ICP-MS at ETH Zürich in low-resolution mode, with introduction via a Savillex C-Flow PFA nebuliser (50 μL min −1 ) attached to a glass spray chamber (details in Little et al., 2017) . Very stable instrumental mass bias allows for high precision instrumental mass fractionation correction using a samplestandard bracketing procedure with untreated normalising standard, NIST SRM 976. Isotope values are reported in delta-notation relative to this standard: Sodium (Na) concentrations in the final solutions were monitored, and Na-doped standards were run alongside the sample measurements. Minor corrections were made for six particulate samples with residual Na, but these corrections did not exceed 0.03‰. The long-term reproducibility of a secondary pure Cu standard over the period of these measurements was δ 65 Cu = +0.11 ± 0.06‰ (n = 112, 2 SD), compared to +0.10 ± 0.06‰ measured at the Hebrew University (Asael et al., 2007) .
Results
The dissolved distribution of Cu and δ
Cu
The concentration of dissolved Cu in the South Atlantic shows the familiar near linear increase with depth (Figs. 3 and 4), consistent with previously published observations (e.g., Boyle, 1981; Boyle et al., 1977; Bruland and Franks, 1983; Jacquot and Moffett, 2015; Roshan and Wu, 2015) . Near surface Cu concentrations are~0.5 nM and increase to a maximum of 3 to 3.5 nM at abyssal depths. Deep-water concentrations are slightly greater in the Argentine Basin than the Cape Basin, as also observed for dissolved macronutrients, e.g., silicate ( Fig. 4 ; Wyatt et al., 2014) .
Dissolved phase Cu isotope values are, for the most part, homogeneous across the basin (Figs. 3 and 5; Table 3 ). Excluding two outliers the South Atlantic Cu isotope composition is +0.64 ± 0.09‰ (n = 61, 1 SD) or, below 200 m water depth, δ Cu > 200 m = +0.66 ± 0.07‰ (n = 39, 1 SD). The two outliers are isotopically heavy (at +0.94 and + 0.99‰, both > 3 SD away from the mean value) and are difficult to interpret. One sample (ID# 170, +0.99‰) from Station 3, 594 m, is close to the South African margin. Other moderately heavy δ 65 Cu values (at about +0.8‰) are observed through the upper 2000 m of the water column at this station (Fig. 3) . These values may indicate a different source of Cu along this margin, e.g., isotopically heavy Cu associated with the Aghulas current, which brings warm, salty water from the Indian Ocean into the southeastern Atlantic (e.g., Paul et al., 2015) . The second outlier (ID# 434, +0.94‰, Station 6, 1000 m) is more difficult to explain, and both outliers may, in fact, represent contamination. In the absence of more published supporting data (e.g., dissolved Fe, Fe isotopes) from the GA10 section, these two samples are not discussed further here. Deviations towards isotopically lighter δ 65 Cu (at +0.4 to +0.5‰) are observed in surface waters at stations 21 and 18 and in the subsurface at stations 12 and 6 (Fig. 3) . Smaller deviations towards lighter δ 65 Cu are also present close to the continental margins along both the western Argentine Slope (at~1500 m and > 3000 m) and deep eastern Cape Basin (at > 4000 m) (Fig. 5 ). These margin-associated light isotope signatures are within one-two standard deviations of the deep basin δ 65 Cu mean. However, enrichments in total (and leachable) Fig. 3 . Dissolved phase Cu concentration (dCu) and isotope data (δ 65 Cu diss ) for the six superstations from the two cruise legs (D357 -Cape Basin and JC068 -Argentine Basin) of the GA10 section. Uncertainty (error bars) on dissolved concentrations is estimated at ± 20% and on isotope values is given as the long-term reproducibility of a secondary standard ( ± 0.06‰) or internal 2-sigma (where the latter is larger). Full depth profiles are compared to AOU (Wyatt et al., 2014) , while upper water column (upper 200 m) zooms are compared to chlorophyll-a concentrations (Wyatt et al., 2014) . Note very high Chl-a concentrations in the Cape Basin (D357 stations) compared to the Argentine Basin (JC068 stations). Two isotopically heavy outliers are shown in the open symbols (see text for discussion). Plots made using Ocean Data View (Schlitzer, 2016) . S.H. Little et al. Chemical Geology 502 (2018) 29-43 (Fig. 3) .
Particulate Cu and δ
Cu
Fig. 6 compares particulate Cu concentrations from the two different sampling procedures, i.e., small size-fraction (< 51 μm) SAPS filtration (293 mm 0.8 μm PES filters) versus bottle filtration (25 mm 0.45 μm PES filters), for samples from the same or similar depths. Where possible, both total or bulk and leachable particulate Cu data are compared. Note: leaching procedures also differed between the two laboratories (Section 2.3). With the exception of one sample (circledsee below), fine size fraction SAPS Cu concentrations measured at ETH Zürich are consistently a factor~2.3 lower than those from bottle filtration (Univ. Plymouth), for both total/bulk and leachable particulate Cu concentrations (Fig. 6 ). This offset primarily reflects the use of 51 μm nylon mesh (Nitex) pre-filters, which remove the large, fastsinking particle size fraction prior to the 0.8 μm PES filter on the SAPS.
Summed coarse (Nitex, > 51 μm) and fine (< 51 μm, > 0.8 μm) size fraction pCu concentrations from SAPS give TpCu values comparable to those from bottle filtration (Fig. S1 , Table S1 ). Excluding the aforementioned outlier, TpCu from SAPS are on average 8 ± 13pM (1 SD) lower than TpCu values from bottle filtration, with some scatter in the relationship due to the mismatched sampling depths for SAPS and bottle filtration. The residual small offset may be due to the larger pore size of the SAPS PES filter membranes (0.8 μm cf. 0.45 μm for bottle filtration), which may lead to less efficient collection of the smaller cells (i.e. picophytoplankton and bacteria < 1 μm) that dominate in the subtropical gyres and at depth (Twining et al., 2015a) .
The anomalous sample circled on Fig. 6 is the deepest SAPS sample from station 12. The coarse size fraction pCu (from Nitex filter) for this sample is also very high (an order of magnitude higher than any other sample; Table S1 ). The operator noted the presence of numerous copepods on the outside of the SAPS pumps from greater depth at Station 12. It is likely, therefore, that the elevated bulk and leachable SAPS pCu concentrations for this sample (compared to bottle filtration data) reflect contamination. This SAPS sample and its isotopic signature are therefore considered anomalous and are not discussed further.
Overall, the pCu concentration pattern with depth is similar for bulk and leachable Cu from bottle filtration and from smaller size fraction SAPS, albeit that the latter concentrations are a factor~2.3 lower. This similarity indicates that, in general, the fine size fraction SAPS samples are representative of the total particulate material present. In addition, the choice of leaching procedure does not appear to be critical.
High-resolution total particulate Cu (TpCu) concentrations, obtained from bottle filtration, are illustrated in section view in Fig. 5 . TpCu concentrations are low (< 30 pM) and homogeneous throughout the ocean interior, with significantly elevated values (> 50 pM, maximum value 497 pM) present at depths > 4000 m in the abyssal plains of the deep Argentine and Cape Basins. Notable enrichments (> 50 pM) are also observed along the western Argentine slope at~1500 m and 3000-3500 m water depth and on the eastern Cape slope at~700 m water depth (Fig. 5) . More subtle surface water TpCu enrichments (range: 29 pM-192 pM) are also observed across the whole section, particularly close to the Argentine margin (Fig. 5) . The leachable particulate Cu (LpCu) distribution is very similar, with LpCu concentrations on average 56 ± 11% (n = 112, 1 SD) of TpCu concentrations (Fig. S2) .
At the three superstations for which we have the fine size fraction (SAPS < 51 μm) particulate phase Cu isotope data from SAPS, bulk pCu concentrations are homogeneous at 12.1 ± 4.1 pM (n = 14, 1 SD), excluding the deepest samples of each station, which are enriched (Table 4 , Fig. 7 ). This deep enrichment is consistent with observations from bottle filtration data. Leachable particulate Cu concentrations from the < 51 μm SAPS filters, excluding the bottommost samples, are 6.2 ± 2.0 pM (n = 14, 1 SD; Fig. 7 ). As observed for bottle filtration, leachable pCu concentrations are approximately 50% of bulk pCu concentrations.
Fine size fraction bulk and leachable pCu isotope values are isotopically light (at −0.03‰ to +0.54‰) relative to the mean South Atlantic dissolved seawater value (at +0.64 ± 0.09‰). Leachable pCu isotope values are homogeneous with depth, at +0.40 ± 0.10‰ (n = 16, 1 SD; Fig. 7 ). Bulk pCu isotope values shallower than~150 m are isotopically similar to this labile pool (at +0.33 ± 0.10‰, n = 6, 1SD; Fig. 7 ). Bulk pCu isotope values deeper than 150 m are isotopically lighter, at +0.11 ± 0.09‰ (n = 10, 1 SD; Fig. 7) , and similar to the average lithogenic Cu isotope composition (at +0.08 ± 0.17‰, n = 334, 1 SD; Moynier et al., 2017 Comparison of total or bulk and leachable particulate Cu concentrations from the two different sampling procedures, by SAPS (fine-fraction, < 51 μm) using 0.8 μm PES filters (measured at ETH Zürich) and by bottle filtration using 0.45 μm PES filters (measured at Univ. Plymouth). Fine-fraction SAPS concentrations are consistently a factor~2.3 lower than those from bottle filtration, for both total or bulk and leachable particulate Cu. One anomalous sample is circled (see text for discussion). Note: not all samples are from precisely the same sampling depths.
straightforward, is subject to minor residual matrix effects, while elemental doping assumes that the mass bias behavior of a neighboring element isotope pair is the same as Cu, which is unlikely to be entirely the case. Secondly, seawater is a particularly challenging sample matrix. Copper concentrations in seawater are extremely low compared to many other elements (e.g., Na, Mg) and Cu is ubiquitously complexed to strong, refractory organic ligands (Bruland et al., 2013) . The ability to obtain reliable dissolved Cu concentrations was the subject of a recent study (Posacka et al., 2017) , which was motivated by the observation that UV oxidation of acidified seawater samples can lead to an increase in Cu concentrations even in samples stored acidified for extended periods (Achterberg et al., 2001; Biller and Bruland, 2012; Middag et al., 2015; Milne et al., 2010; Posacka et al., 2017; Rapp et al., 2017) . Posacka et al. (2017) demonstrate that changes in labile Cu in acidified samples after UV oxidation depend strongly on sample storage time, suggesting that UV oxidation is ineffective with storage times < 2 weeks, is critical for samples stored for ≤3 months, and may be unnecessary with storage times more than~4 years. Fig. 2 compares Cu concentrations for Station 18 obtained by the two different methods utilised in this study. The higher resolution dissolved Cu concentration profile was obtained by isotope dilution at NOCS and included 4 h of UV irradiation, while the ETH Zürich isotope samples were stored acidified for ≥4 years, but not irradiated. Good agreement is generally observed for the two profiles at Station 18, given the less precise beam matching approach to Cu concentrations for the isotope analyses. However, at this and other stations, isotope sample concentrations are up to~30% lower than those measured via the UV-ID-technique, particularly in the water depth range of~1.5-3 km and in the upper few hundred meters of the water column at Stations 12 and 21 (Fig. S3) . It is unclear exactly what effect this lower extraction efficiency (assuming that this is the cause of the lower Cu concentrations for some isotope samples) may have on measured Cu isotope values . However, the fact that seawater δ 65 Cu is very homogeneous with depth (Moynier et al., 2017) , the blue bar the approximate δ 65 Cu seawater observed in the South Atlantic (this study), and the orange bar the range of δ 65 Cu auth in bioauthigenic sediments (FeMn crusts and organic rich sediments; Albarède, 2004; Little et al., 2014a Little et al., , 2017 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and between stations, and for samples with apparently 'good' and 'poor' extraction, implies that any such effect may be slight. In this context, it is worth reviewing previously published seawater δ 65 Cu data. The first, pioneering, seawater δ
65
Cu data was produced using Mg co-precipitation and sample-standard bracketing (Bermin et al., 2006; Vance et al., 2008) . Samples from the Indian and Pacific Oceans had been stored acidified for on the order of 10 years, and span δ 65 Cu = +0.9 to +1.5‰ (Bermin et al., 2006; Vance et al., 2008) .
They stand out as isotopically heavier than any more recently collected, GEOTRACES-era data, however. This includes data from the Japanese (Nobias resin, Zn-doping with 68 Zn/ 66 Zn; no UV, storage time unknown; Takano et al., 2013 Takano et al., , 2014 Takano et al., , 2017 and Australian (solvent extraction, Ni-doping with 62 Ni/ 60 Ni; UV tested and no effect observed, storage time unknown; Thompson et al., 2013; groups, and from this study (Nobias resin, standard-sample bracketing; no UV, storage time ≥ 4 years). These latter studies indicate that the deep ocean has a rather homogeneous δ Cu value of +0.60 ± 0.08‰. Nonetheless, Takano et al. (2014) report one data point for a sample from the South Atlantic D357 cruise (#163, Station 3, 4723 m), at +0.43 ± 0.03‰ (2 SD), that is notably lighter than the analysis of the same sample in this study, at +0.61 ± 0.06‰ (Table 3) .
Thus, while some degree of agreement for seawater δ 65 Cu appears to be emerging, a robust isotopic intercalibration is clearly called for, as proposed by Posacka et al. (2017) Zn doping (Takano et al., 2013 (Takano et al., , 2014 (Takano et al., , 2017 ) is unusual in that, a priori, it would be preferable to correct with the two masses that are as close as possible to the masses being corrected (i.e. 66 Cu; e.g., Vance and Thirlwall, 2002 for neodymium isotopes). Takano et al. (2017) also modify their original method by doping with higher quantities of Zn (Zn:Cu ratio of 3:1 cf. 2:1 in previous studies), in order to reduce the potential contribution of spectral interferences.
Finally, we return to this issue of lingering uncertainty about the true seawater δ
Cu value (or range) at the end of the discussion (Section 4.4), in the context of the larger scale first order conclusions that can be made about Cu isotopes as a palaeoceanographic tracer.
Particulate Cu and δ
Cu
The distribution of TpCu
Particulate Cu concentrations in the ocean interior are nearly constant with depth. A priori, constant pCu is consistent with the predictions of a simple 1-D reversible scavenging model, in which the quasilinear increase of dCu with depth is explained by reversible scavenging on particulate material (Little et al., 2013) . However, this 1-D model does not take account of the lateral advection of Cu in water masses that accumulate nutrients with age, or of benthic inputs of Cu (Boyle et al., 1977; Bruland, 1980; Jacquot and Moffett, 2015; Roshan and Wu, 2015, see Section 4.3.3) .
Away from the ocean interior, pCu concentrations are significantly elevated in the surface ocean, in the deep ocean (> 4000 m) close to the seafloor, and at localised depths along the continental margins (Fig. 5) . Detailed characterisation of the contributing particle types to the observed enrichments in pCu awaits further datasets for other elements. However, deep ocean and basin margin particle enrichments are consistent with previous observations of intense benthic nepheloid layers (BNL) in the Argentine Basin (Gardner et al., 2017) , and in the west and north Atlantic (e.g., Biscaye and Eittreim, 1977; Brewer et al., 1976; Gardner et al., 2017; Ohnemus and Lam, 2015) . Surface ocean particle enrichments could be driven by atmospheric deposition, but aerosol deposition was low over the course of this sampling cruise (Chance et al., 2015) . Alternatively, biological productivity may drive particle enrichments in the upper water column (see also Section 4.3.2). Finally, high pCu concentrations are associated with the low salinity tongue of estuarine water from the Río de la Plata river, which flows into the Argentine Basin at the west of the GA10 section (see also Section 4.3.3, Fig. S4 ).
Leachable (labile) particulate Cu
The leaching procedures utilised in this study aimed to liberate the reactive (labile) Cu fraction of the particles. This labile fraction is believed to be primarily associated with organic phases (e.g., Balistrieri et al., 1981; Collier and Edmond, 1984; Sawlan and Murray, 1983) or, if present, with Mn or Fe oxide phases (e.g., Sherman and Peacock, 2010) . Consistent with an association with organic matter, leachable Cu/P ratios of near-surface particulate matter are close to the published range for marine phytoplankton ( Fig. 8 ; published Cu/P range: 0.18-0.78 mmol/mol; Collier and Edmond, 1984; Ho et al., 2003; Kuss and Kremling, 1999; Martin and Knauer, 1973) . In contrast, Cu/Mn ratios in Fe-Mn oxide sediments are of the order 0.005 (Little et al., 2014b) , much lower than the leachable Cu/Mn ratios of upper water column samples found here, at 0.08-0.5 (Table 4) . It is therefore very likely that metabolic and/or organically scavenged Cu dominates the labile pCu pool.
In the subsurface, Cu/P ratios in the leachable particulate phase increase approximately linearly with depth (Fig. 8 , full depth profile Fig. S5 ). Similar increases with depth in the Cu/C ratio of particles collected from sediment traps from the subtropical northeast Pacific have been attributed to scavenging of Cu (Fischer et al., 1986) . The fact that leachable pCu concentrations remain approximately constant with depth in the interior South Atlantic, while Cu/P ratios increase, suggests that Cu released from remineralising organic material is re-adsorbed on residual sinking particulate material, while P is returned to the dissolved phase. (< 51 μm) ; leachable particulate Cu/P ratios compared to published range for marine phytoplankton (green bar; range 0.18-0.78: Martin and Knauer, 1973; Collier and Edmond, 1984; Kuss and Kremling, 1999; Ho et al., 2003) Cu values of 0.03‰ to 0.52‰, with no systematic variability with depth (range 30 to 1000 m). In general, the labile phase was isotopically heavier than the refractory pool.
Consistent with these two previous studies, we observe a homogeneous leachable particulate δ 65 Cu signature throughout the water column, at +0.40 ± 0.10‰ (n = 16, 1 SD; Fig. 7B ). This isotope composition is similar to the authigenic Cu isotope signature of Fe-Mn crusts and nodules ( Fig. 7 ; at +0.3 to +0.5‰, Albarède, 2004; Little et al., 2014b) and to the calculated 'bioauthigenic' (non-lithogenic) Cu fraction in sediments from a wide spectrum of marine settings (δ 65 Cu auth = +0.31 ± 0.11‰, 1 SD, n = 43; Little et al., 2017) .
The bulk digestion procedure accesses a second, refractory pool of particulate Cu. This fraction is evident in bulk digests from below the euphotic zone, where δ 65 Cu bulk are lighter than the labile pool, at +0.11 ± 0.09‰ (n = 10, 1 SD; Fig. 7 ), similar to the average lithogenic Cu isotope composition (at +0.08 ± 0.17‰; Moynier et al., 2017 Cu leach ·pCu leach ), the calculated isotope composition of the refractory pool is −0.04 ± 0.31‰ (n = 15, 1 SD). We hypothesize that this refractory pool of Cu is present in a lithogenic, aluminosilicate phase, as proposed by .
It is interesting to note that the two pools of Cu present in South Atlantic particulates are comparable to the two pools identified in globally distributed marine sediments (Little et al., 2017 ). δ 65 Cu in sediments can, to first order, be described by mixing between two endmembers, a lithogenic endmember at~0‰ and a bioauthigenic endmember at~0.3‰ (Little et al., 2017) . By comparison, the average offset between leachable (labile) and bulk (≈refractory) particulate δ 65 Cu, at water depths > 150 m, is 0.28 ± 0.18‰ (1 SD, n = 9), i.e.
identical to the offset observed between the lithogenic and bioauthigenic endmembers in sediments. We return to this observation in Section 4.3.1. Is the labile particulate Cu isotope signature fixed in the upper water column, or does it continue to equilibrate with the dissolved pool at depth? Increasing Cu/P ratios indicate that scavenging continues throughout the water column, so that the Cu isotope composition of the particles should also continue to evolve. Though sampling resolution is lacking, there is an indication that leachable particulate δ
65
Cu shifts towards lighter values in the deeper water column (Fig. 7) , diverging from the seawater δ 65 Cu composition. The homogeneity of the sedimentary Cu output flux also implies continued equilibration of the particulate and dissolved phase at depth, given significant upper water column δ 65 Cu variability (e.g., this study, Takano et al., 2014) . Ultimately, answering this question requires further high-resolution particulate and dissolved phase Cu isotope studies.
The distribution of dissolved Cu and δ
Cu
Several processes have been proposed to contribute to the distribution of dissolved Cu. These include water mass mixing, biological uptake, remineralisation of organic material at depth, (reversible) scavenging on particles, organic complexation, hydrothermal activity, and boundary inputs from the continents via aerosol deposition, riverine, groundwater, or benthic fluxes (e.g., Boyle, 1981; Boyle et al., 1977; Bruland and Franks, 1983; Bruland, 1980; Jacquot and Moffett, 2015; Little et al., 2013; Roshan and Wu, 2015) . A detailed discussion of the controls on distribution of dissolved Cu along GA10 is beyond the scope of this paper, and will be the subject of a forthcoming manuscript. Here, we focus on the possible influence of each of these processes on the dissolved distribution of Cu isotopes. . Together, these data indicate that the deep ocean δ 65 Cu composition is homogeneous, at about +0.65‰ (though see discussion in Section 4.1), and isotopically heavy compared to average lithogenic Cu (at +0.08 ± 0.17‰, n = 334, 1 SD; Moynier et al., 2017) . Isotopically heavy Cu in the aqueous phase of rivers and seawater has been attributed to preferential organic complexation of the heavy isotope in the dissolved phase (Little et al., 2014a; Ryan et al., 2014; Takano et al., 2014; Vance et al., 2008) . For example, Ryan et al. (2014) 0.44 ± 0.20‰ (n = 3, 1 SD) for NTA, a synthetic ligand with a similar log K to strong natural L1-type ligands (log K NTA = 14.4). Though Cu speciation data for the South Atlantic GA10 section are as yet unpublished, voltammetric methods have indicated strong organic complexation of Cu throughout the water column in the North Pacific (Buck et al., 2012; Moffett and Dupont, 2007) , North Atlantic (Jacquot and Moffett, 2015) , Tasman Sea , and Atlantic sector of the Southern Ocean (Heller and Croot, 2014) . Isotopically heavy Cu in the dissolved pool is complemented by a light counterpart in the particulate phase ( Fig. 7 ; Section 4.2). Two possible scenarios can be invoked to explain this observation. First, an equilibrium isotope fractionation between the scavenging surface and the organically complexed dissolved pool (as first proposed by Vance et al., 2008) . Second, an equilibrium isotope fractionation in the aqueous phase between organically complexed, isotopically heavy Cu, and isotopically light free Cu 2+ (or weakly complexed Cu), with only the latter scavenged to particles with no further isotope fractionation (Little et al., 2017) . Distinguishing between these two hypotheses awaits further detailed experimental work. Regardless of the precise mechanisms, the overall outcome is an extremely homogeneous Cu output flux to sediments, at approximately +0.3‰ (Little et al., 2017) . (Fig. 3) . We consider three possible explanations for this upper water column variability: biological activity, aerosol deposition, and local supply followed by mixing from the Río de la Plata estuary.
Copper is an essential nutrient for phytoplankton. In culture, Navarrete et al. (2011) observed that intracellular incorporation by natural consortia of bacteria favours the light Cu isotope, with large metabolically-driven fractionation factors of Δ 65 Cu solid-solution = −1.0 to −4.4‰. Adsorption of Cu by cell surfaces has similarly been shown to favour the light isotope (Navarrete et al., 2011) , or to exhibit no fractionation (Pokrovsky et al., 2008) . Simultaneously, the free Cu 2+ ion is toxic at low concentrations to photosynthesizing microorganisms, particularly prokaryotic cyanobacteria (e.g., Brand et al., 1986; Moffett and Brand, 1996) . As discussed, these phytoplankton release strong organic ligands that regulate free Cu 2+ concentrations, with > 99.9%
of dissolved Cu in seawater organically complexed (e.g., Bruland et al., 2013) . This complexation is predicted to favour retention of the heavy isotope in solution (Ryan et al., 2014; Sherman, 2013) . On the other hand, eukaryotes (e.g., coccolithophores and diatoms) have higher metabolic Cu requirements than prokaryotes, and appear to be able to access some portion of the ligand-bound Cu pool, possibly via a reductive uptake mechanism (Semeniuk et al., 2009 (Semeniuk et al., , 2015 . If a change in oxidation state facilitates this process (Leal and Van Den Berg, 1998) , it could result in stabilisation of isotopically light Cu(I) in surface seawater.
We compare the upper water column dissolved phase data with chlorophyll-a concentrations ( Fig. 3 ; Wyatt et al., 2014) only; Fig. 8 ). Note that chlorophyll-a concentrations were several orders of magnitude higher in the Cape Basin (Stations 3, 6 and 11) than in the Argentine Basin (Stations 21, 18 and 12) , and that the dominant phytoplankton species was estimated to be eukaryotic haptophytes (approx. 51% of total chlorophyll-a; Wyatt et al., 2014) .
The deep chlorophyll-a maximum (DCM) observed at Stations 3 and 11 (~300 mg m −3 ) in the Cape Basin correspond to isotopically heavy dissolved Cu (Fig. 3) . This would be consistent with preferential uptake of the light isotope alongside active production of organic ligands and complexation of the heavy isotope in the dissolved pool. However, in the Argentine Basin the opposite pattern is observed, notably at Station 12. Here the DCM, which is very low, at~0.3 mg m −3
, is associated with isotopically light Cu in the dissolved phase (Figs. 3, 8) . This latter pattern, of light Cu isotope values corresponding to the chlorophyll-a maximum, has been observed before by , at Station P1 in the Tasman Sea, and by Takano et al. (2014) , at Station BD17 in the northeast Pacific (132.4°W, 43.0°N). However, the fact that it is not a pervasive feature suggests it may be a community specific signature. Browning et al. (2014) predict Station 12 to be Fe limited. Station P1 in the Tasman Sea is oligotrophic and potentially Fe colimited (Hassler et al., 2014) and the northeast Pacific is also a region of Fe limitation (e.g., Moore et al., 2013) . Under Fe-limitation, Cu uptake by phytoplankton is enhanced (Peers and Price, 2006; Semeniuk et al., 2009 Semeniuk et al., , 2016 . Perhaps this enhanced Cu uptake is manifest in a distinct Cu isotope signature in the aqueous phase. This signature could be envisaged as the result of uptake or scavenging of heavy isotopes by the community growing in situ in the DCM, or to be due to regeneration of isotopically light organic material sinking from above (albeit that the DCM indicates uptake).
In the upper 250 m of the water column in the Argentine Basin, the leachable particulate Cu isotope composition is on average −0.10 ± 0.09‰ (n = 8, 1 SD) lighter than local seawater ( Fig. 8 ; Tables 3, 4), i.e., there appears to be a negligible isotope effect on uptake into plankton or on sorption to organic matter in this region, particularly if there is any contribution of isotopically light Cu to the leachable particulate δ 65 Cu from the procedural blank (see Section 2.3.1). We note that the residence time of Cu in the dissolved and particulate phases is likely different, however, the negligible isotopic offset between the two pools indicates that there is no strong metabolic control on Cu isotope signatures in the Argentine Basin. It is also consistent with the absence of any relationship between dissolved δ 65 Cu values and log dCu concentrations across the whole GA10 section (Fig.  S6) . Thus, while biological activity may drive local variability in upper water column δ 65 Cu, we suggest that it is not the dominant control.
An alternative mechanism to drive light dissolved δ (Table 4; Rudnick and Gao, 2003) . Solubility estimates for lithogenic Cu and Al are of a similar order of magnitude (at about 5-10%; e.g., Baker et al., 2006; Sholkovitz et al., 2010) , thus aerosol deposition is unlikely to be responsible for the light Cu isotope signatures observed in the upper water column of this region. The Río de la Plata estuary is another potential source of lithogenic particles. The Río de la Plata is the second largest drainage basin in South America, after the Amazon, with a hydrographical area of 3,170,000 km 2 . Freshwater discharge from the estuary is enriched in macronutrients, dissolved Zn (Wyatt et al., 2014) , and dissolved Cu, and exhibits elevated particulate Cu concentrations (Section 4.2.1; Fig.  S4 ). Though we lack Cu isotope data from the region associated with the low salinity tongue of the Río de la Plata, isotopically light Cu signatures at Station 21 and 18 may be consistent with partial dissolution of particulate material in the estuary and mixing of this signal basinwards. Isotopically light Cu has been observed in the particulate phase of a small river in the UK (Vance et al., 2008) . Slightly elevated concentrations of Zn in surface ocean of the Argentine Basin have previously been suggested to reflect cross-frontal mixing between the Malvinas Current and Brazil Current (Fig. 1) , bringing Zn-enriched waters northward as it flows over the Argentine continental margin (Jullion et al., 2010; Wyatt et al., 2014) . Future work should target sampling of the Río de la Plata estuary for trace metal dissolved and particulate phase isotope analyses.
Sedimentary supply of isotopically light Cu to deep waters
Benthic supply of Cu has long been proposed to maintain high dissolved Cu concentrations at depth (Boyle et al., 1977; Bruland, 1980; Jacquot and Moffett, 2015; Posacka et al., 2017; Roshan and Wu, 2015) . Pore water studies have suggested a benthic, regenerated source of Cu (Klinkhammer et al., 1982; Klinkhammer, 1980; Widerlund, 1996) and Skrabal et al. (2000) suggest that Cu-binding ligands in pore waters assist this Cu release. Typically, dCu concentrations lack any clear local signature of benthic supply, with smooth correlations observed with, e.g., silicate ( Fig. 4; Fig. S7 ; Jacquot and Moffett, 2015; Roshan and Wu, 2015) . Local enrichments in dCu in this South Atlantic dataset (and deviations from the Cu-Si correlation) appear to be related to high TpCu concentrations, associated with local particulate supply from the Río de la Plata estuary and Argentine slope ( Fig. S4 and S7) .
We do not see clear evidence for scavenging removal of dissolved Cu associated with high particulate concentrations, as seen in some BNLs and overlying the TAG hydrothermal vent field of the MAR in the North Atlantic (Jacquot and Moffett, 2015) . We also observe no input of dCu or pCu associated with the MAR in the South Atlantic, suggesting hydrothermal activity does not play a significant role in Cu cycling in this region. A similarly limited role for hydrothermal activity along this section has previously been noted for Zn and Fe (Klunder et al., 2011; Wyatt et al., 2014) .
While local dCu enrichments that can be directly tied to benthic input are difficult to identify on a section scale, dissolved phase Cu isotope data appear to be a more sensitive tracer of this process. Several depths along both the east and western margins of the South Atlantic that exhibit localised high pCu concentrations are associated with deviations towards isotopically lighter δ 65 Cu values in the water column (Fig. 5) . At this stage, it is not clear if these isotopically light values reflect supply from pore waters or partial dissolution of the particulate material upon its suspension in and interaction with seawater. The nature of the particulate material is also unknown and awaits further datasets. These are important questions from a whole oceanic mass balance perspective. Copper that is released from the benthic boundary layer on regeneration of organic material (e.g., Klinkhammer et al., 1982; Klinkhammer, 1980) is not a 'new' input of Cu to the ocean, though it may play a role in repartitioning dissolved Cu with depth in the ocean. On the other hand, Cu that may be released from continentally-derived particulates, or re-released from particles that originated in hydrothermal plumes, would reflect a different source of Cu to those that have so far been characterised isotopically, namely, rivers and aerosols (Little et al., 2014b) . We return to these broader issues in the next section.
Broader paleoceanographic implications
Our best estimate to date of the Cu isotope composition of seawater, at about +0.65‰ (though see Section 4.1) is similar to the dischargeweighted riverine input value, of +0.68‰ (Vance et al., 2008) , and to the calculated combined riverine and atmospheric Cu source of +0.63‰ (Little et al., 2014b) . However, the steady state oceanic mass balance model of Little et al. (2014b , updated in Little et al., 2017 ) is out of balance, with a projected isotopically light missing source of Cu (at~0‰) that is of similar magnitude to the combined riverine and atmospheric flux (Little et al., 2017) . Put another way, at steady state, the isotope composition of seawater (δ seawater ) can be expressed as: = − δ δ Δ seawater sources sinks where δ sources is the isotope composition of the sources and Δ sinks is the isotope fractionation on removal of the element from seawater into sediments (the sinks). In the case of Cu, Δ sinks is remarkably consistent across different sedimentary settings, at approximately −0.35‰ (Little et al., 2017) . Thus, given a seawater value of +0.65‰, δ sources must sum up to about +0.3‰, considerably lighter than the input fluxes characterised to date (at about +0.6‰; Little et al., 2014b) . Little et al. (2017) suggest two possible poorly or unconstrained isotopically light sources of Cu: (1) hydrothermal input and (2) partial dissolution of continentally derived particulates. Alternatively, Takano et al. (2014) propose a larger aerosol deposition flux than that suggested by Little et al. (2014b) . Our study provides dissolved phase evidence for a particulate-associated flux of isotopically light Cu, both from continental slopes and a large estuary. As noted previously, for this flux to balance the budgetary requirements the Cu released must be derived from continental (or hydrothermal) particulates, and not simply regenerated Cu scavenged on organic (or Fe-Mn oxide) material. Though it is not possible to say with certainty that this is the case based solely on the data presented here, it is plausible. Future pore water and estuarine work should help resolve this question.
Finally, we note that the above discussion is valid even in light of the residual uncertainty surrounding the true seawater δ 65 Cu value (Section 4.1). If the dissolved pool is, in fact, isotopically heavier than the +0.65‰ estimated here, the mass balance problem is further exaggerated.
Conclusions
We present dissolved and particulate phase Cu concentration and Cu isotope data from the South Atlantic UK-GEOTRACES section GA10. This merging of several datasets provides powerful insights into the biogeochemical cycling of Cu, which will only be enhanced by comparison to future datasets for other trace metals and their isotopes in both the dissolved and particulate phase.
Copper is analytically challenging due to its strong organic complexation in seawater and because it has only two stable isotopes, the latter making a double-spike approach to its isotope analysis impossible. We address these issues in the context of a review of published data, and call for a robust laboratory intercalibration of dissolved phase Cu and δ 65 Cu. We observe two pools of Cu isotopes in the particulate phase, a refractory pool with a lithogenic δ
65
Cu signature (at about 0‰) and a labile pool, associated with organic matter, at about +0.4‰. This labile pool is isotopically light compared to the homogeneous deep ocean dissolved pool, the latter being about +0.7‰. We interpret this offset to reflect preferential organic complexation of the heavy isotope in the dissolved phase and scavenging of the light isotope to particles. The fractionation mechanism may be an equilibrium fractionation between the organic ligand bound pool and scavenging surface, or in the aqueous phase, between an organic ligand bound pool and a particle reactive, free Cu 2+ pool.
Locally, in both surface and deep waters along the continental slopes, we observe deviations towards isotopically light Cu in the dissolved phase. These deviations correspond to enrichments in particulate Cu concentrations, supplied either via sediment resuspension or, in the west, from the Río de la Plata estuary. Copper isotopes appear to trace the previously hypothesized benthic supply route for Cu to the deep ocean.
Finally, we suggest than the supply of isotopically light Cu from sediments and hydrothermal or estuarine particulates may help to balance the oceanic Cu cycle, which is currently missing an isotopically light source of Cu. Future work should test this hypothesis via detailed work in estuaries and in pore waters, and via continued measurement of Cu isotopes in the water column at higher resolution.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.chemgeo.2018.07.022.
